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Abstract: The tuatara, Sphenodon punctatus, known from
32 small islands around New Zealand, has often been noted
as a classic ‘living fossil’ because of its apparently close
resemblance to its Mesozoic forebears and because of a long,
low-diversity history. This designation has been disputed
because of the wide diversity of Mesozoic forms and because
of derived adaptations in living Sphenodon. We provide a
testable definition for ‘living fossils’ based on a slow rate of
lineage evolution and a morphology close to the centroid of
clade morphospace. We show that through their history
since the Triassic, rhynchocephalians had heterogeneous rates
of morphological evolution and occupied wide mor-
phospaces during the Triassic and Jurassic, and these then
declined in the Cretaceous. In particular, we demonstrate
that the extant tuatara underwent unusually slow lineage
evolution, and is morphologically conservative, being located
near the centre of the morphospace for all Rhynchocephalia.
Key words: Rhynchocephalia, Sphenodontia, rates of evolu-
tion, living fossils, morphospace.
THE Rhynchocephalia is an ancient group of reptiles that
emerged during the Early or Middle Triassic (Jones et al.
2013). They are unusual among the 10 000 species of liv-
ing reptiles, being ranked at times as an order equivalent
to the Crocodilia, Squamata and Testudines (Pough et al.
2012), but represented today by a single species, Sphen-
odon punctatus (Hay et al. 2010; Jones & Cree 2012; Cree
2014). This species is geographically restricted to the
islands of New Zealand, and it is best known by its vernac-
ular name ‘tuatara’. S. punctatus was first described by
J. E. Gray in 1831, but he misidentified it as an agamid
lizard (Sharell 1966; Robb 1977; Cree 2014). A few years
later, G€unther (1867) noted its similarities with some fossil
forms, and in consequence erected the Order Rhyncho-
cephalia, which has long been identified as sister to Squa-
mata, the much larger clade comprising lizards and snakes.
Sphenodon punctatus has often been identified as a ‘liv-
ing fossil’ (Fraser 1993; Sues et al. 1994; Jones 2008; Jones
et al. 2009; Meloro & Jones 2012; Cree 2014) for a variety
of reasons: (1) the living form, superficially, seems little
different from its distant Mesozoic ancestors; (2) the
clade has had a very long duration, but with low diversity
and possibly long-lived species and genera; (3) it is the
solitary sister clade to the equally ancient Squamata, com-
prising over 9000 species; (4) there is a long gap in
geological time between the modern form and the young-
est fossil forms, in the Miocene, Paleocene and Creta-
ceous; and (5) it shows supposedly ‘primitive’ anatomical
features such as the closed lower temporal bar.
This view has been disputed because, during the last
three decades, many fossil species of rhynchocephalians
have been described, so partially rejecting reason (2)
above. Several of these newly described species show a
wide variety of ecological adaptations, either to terrestrial
or marine environments (e.g. Pamizinsaurus, Pleu-
rosaurus), as well as a diverse array of dietary preferences
(Jones 2008, 2009; Meloro & Jones 2012; Rauhut et al.
2012; Martınez et al. 2013). These observations contradict
the common view of the Rhynchocephalia as a morpho-
logically unchanged group, reason (1) above, and suggest
that it had high diversity and morphological disparity
through time (Sues et al. 1994; Reynoso 1997, 2000, 2005;
Evans et al. 2001; Jones 2008; Jones et al. 2009;
Apesteguıa & Jones 2012; Cree 2014). Also, recent work
on the extant Sphenodon indicates that it is not as conser-
vative as was previously believed (Jones 2008; Meloro &
Jones 2012; Cree 2014), with a presumably secondarily
fused lower temporal bar (Whiteside 1986), thus rejecting
reason (5) above. However, the traditional view of the
Rhynchocephalia as an unchanged group through time
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still dominates in textbooks and other sources (e.g.
Sharell 1966; Robb 1977; Mitchell et al. 2008) despite the
lack of clarity over the definition of what a ‘living fossil’
is. Reseachers may agree on which taxa are ‘living fossils’
(e.g. Schopf 1984; Casane & Laurenti 2013), but there is
no testable definition.
The concept of ‘living fossils’ has been problematic
since the term was coined by Charles Darwin (1859), as
there is no such identifiable class of organisms, but oft-
cited examples do share some or all of the noted features.
Note that the phrase ‘relict species’ encapsulates some
characteristics of ‘living fossils’, referring to a species or a
group of species that remains from a large group that is
mainly extinct (Grandcolas et al. 2014).
Here, we propose a hypothesis that can be tested by
computational morphometric and phylogenetic compara-
tive methods (PCM): ‘a living fossil should show both
statistically significantly slow rates of morphological evo-
lution and it should be morphologically conservative.’
The first measure is assessed with respect to sister taxa
and sister clades, and using standard PCM approaches for
assessing the statistical significance of evolutionary rates.
The second measure of morphological conservatism can
be assessed by determining whether the taxon lies close to
the early, or geologically earliest, members of its clade or
close to the centroid of the hyperdimensional mor-
phospace. The distance of each species from the centroid
can be measured, but there is no agreed statistical test to
distinguish classes of morphological conservatism, just
that the taxon in question is closer to the centroid than
other taxa are; perhaps closer to the centroid than the
majority of taxa, including fossil forms.
We explore here the morphological disparity of all the
Rhynchocephalia, and where the extant Sphenodon fits
within the clade. Based on a phylogenetic analysis of the
whole clade, we identify rates of morphological evolution
and changes in morphospace using geometric morpho-
metrics of the lower jaw, and find evidence that Sphen-
odon evolved slowly, and is morphologically conservative
when compared to extinct rhynchocephalians, especially
the earliest forms.
METHOD
Phylogeny of Rhynchocephalia
To construct a phylogeny for Rhynchocephalia and
explore evolutionary rates, we used the recently published
data matrix of 74 discrete morphological characters from
Apesteguıa et al. (2014). We ran a maximum parsimony
analysis with TNT v. 1.1 (Goloboff et al. 2008) following
the settings of Apesteguıa et al. (2014), and as a result we
recovered the same 22 MPTs of 218 steps as they did. All
MPTs were reduced to a time-scaled strict consensus tree
(Fig. 1). The discrete morphological character data matrix
F IG . 1 . Time-scaled phylogeny of Rhynchocephalia, based on a strict consensus tree of 22 most parsimonious trees (details in
Herrera-Flores et al. 2017). Note that Youngina and extant Pristidactylus are outgroups to Rhynchocephalia. Abbreviation: Quat.,
Quaternary. Colour online.
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and 22 MPTs were used later for evolutionary rates analy-
ses using the methods described below.
Evolutionary rates
Rates of morphological evolution were investigated using
maximum-likelihood methods, following the protocols of
Lloyd et al. (2012), Brusatte et al. (2014) and Wang &
Lloyd (2016). We first time-scaled our MPTs, establishing
ages for terminal taxa by compiling ages (FAD, first
appearance date and LAD, last appearance date) for each
taxon using the Paleobiology Database and the literature,
to determine the latest consensus view on the ages of rele-
vant geological formations (https://paleobiodb.org). Fol-
lowing the work of Brusatte et al. (2014) and Wang &
Lloyd (2016), we used two current available methods for
determining the dates of nodes and branch durations, the
‘equal’ and ‘minimum branch length’ (mbl) methods. For
both methods, we used the settings recommended by
Brusatte et al. (2014) and Wang & Lloyd (2016), with a
fixed duration of 1 myr for the ‘minimum branch length’
method and 2 myr for a root-length of the ‘equal’
method. When dating the trees we used a randomization
approach, and performed 100 replicates to incorporate
potential uncertainty arising from sampling each terminal
taxon’s age randomly from between their first and last
appearance dates. This generated 100 time-scaled phyloge-
nies for each of the 22 MPTs, and for both the ‘equal’
and ‘mbl’ methods. Before running the rates analyses we
excluded the extant squamate Pristidactylus. Using all the
time-scaled phylogenies and the discrete morphological
character data, we assessed whether rates of morphologi-
cal evolution were homogeneous, or if particular branches
or clades have significantly low or high rates relative to
the remainder of the tree (Lloyd et al. 2012). Compara-
tive rates were assessed using likelihood ratio tests (LRTs)
between single rate models (homogenous rates) and two
rate models (particular branch has different rates to the
rest of the tree). An alpha threshold of 0.01 was used to
evaluate significance, with Benjamini–Hochberg false dis-
covery rate correction. Sensitivity tests were performed
with Sphenodon removed from the tree and character
data, to ensure that the long terminal branch associated
with Sphenodon was not biasing the rates results. All anal-
yses were performed in R (R Core Team 2015), using the
packages paleotree (Bapst 2012) and Claddis
(Lloyd 2016), and with a modified version of the script of
Wang & Lloyd (2016).
To illustrate the evolutionary rates results, we figure
one MPT for both the ‘equal’ (MPT 1) and ‘mbl’ (MPT
6) analyses (Fig. 2). Pie charts are used to indicate the
proportion of significantly high and significantly low per-
branch rates results, based on the 100 dating replications.
These trees were selected because they accurately reflect
most of the results recovered across all 22 MPTs, and we
highlight branches that consistently show the same high/
low rates in other MPTs. All MPTs are individually
figured in Herrera-Flores et al. (2017).
Morphospace and disparity analysis
To investigate macroevolutionary trends in Rhyncho-
cephalia, we analysed changes in morphospace occupation
through time, based on variations in dentary shape. We
chose to focus on morphological variation in the dentary
because it is commonly the best preserved part in fossil
rhynchocephalians, which can retain more than 80% of
the shape of the complete mandible. Also it has been
shown in studies of a broad array of vertebrates that
mandibular shape captures information about dietary
preferences and so can discriminate major ecomorpholog-
ical groupings (e.g. Kammerer et al. 2006; Anderson et al.
2011, 2013; Stubbs et al. 2013). Further, mandible shape
variation may be measured readily from two-dimensional
images. We compiled images of dentaries for 30 fossil
rhynchocephalians from the literature, plus pictures from
14 museum specimens of the extant Sphenodon to assess
variation within this single taxon, and to determine where
it falls in comparison with Mesozoic taxa. We performed
a separate geometric morphometric analysis of all samples
of Sphenodon to identify the specimen that best represents
the average shape of its dentary. All images were uni-
formly oriented to the same side (right). Seven landmarks
and 26 semi-landmarks were set on the dentary images
(see Herrera-Flores et al. 2017), using the program tpsDig
(Rohlf 2006).
After Procrustes superposition to correct for variable
sizes of the mandibles and variable orientations of images,
the corrected coordinate data from the landmarks were
subjected to principal components analysis (PCA) in R (R
Core Team 2015), employing the package geomorph
(Adams & Otarola-Castillo 2013). Three plots were pro-
duced, one to show morphospace occupation through the
Mesozoic, one to observe macroevolutionary trends
according to different feeding strategies of rhyncho-
cephalians, and another to explore the phylogenetic
branching patterns within the morphospace (a phylomor-
phospace). For the feeding strategies plot, we used the diet-
ary preferences proposed by Jones (2006a, 2009), Rauhut
et al. (2012) and Martınez et al. (2013) based on rhyncho-
cephalian tooth shape. The phylomorphospace was pro-
duced using the R package phytools (Revell 2012). We
randomly selected one dated MPT and cropped the tips
that lacked PC coordinate data. This pruned phylogeny
was used to reconstruct ancestral PC coordinate data with
maximum likelihood estimation, and the branching
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pattern was superimposed within the morphospace. As
previously mentioned, we included a sample of the extant
Sphenodon in all plots for comparative purposes. To
explore the extent to which Sphenodon represents a conser-
vative, or ‘average’, morphology, we examined Procrustes
distances (describing the magnitude of the shape
F IG . 2 . Evolutionary rates analyses of Rhynchocephalia, illustrating results from per-branch likelihood tests using the ‘equal’ (A) and the
‘mbl’ (B) dating methods. One of the 22 most parsimonious trees (MPTs) is illustrated for each analysis. Pie charts on the branches are
used to indicate the proportion of significantly high, significantly low and non-significant (white) rates results, based on 100 dating replica-
tions. Arrows denote branches that are consistently found to have significant rates in most MPTs (black arrows) or some MPTs (white
arrows). For complete results for all MPT trees, see Herrera-Flores et al. (2017). Sphenodon illustration by Steven Traver. Colour online.
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deviation) between each sampled dentary and the Pro-
crustes mean shape of the entire sample (in mor-
phologika; O’Higgins & Jones 1998, 2006).
To test for statistically significant overlaps in mor-
phospace occupancy between groups of taxa sorted by
geological period and by feeding mode, we used our PC
coordinate data and performed a one-way NPMANOVA test
in PAST (Hammer et al. 2001) using Euclidean distances,
10 000 permutations and Bonferroni-corrected p-values.
Additionally, morphological disparity for temporal and
feeding groups was quantified with the sum of variances
metric, calculated using PC coordinate data from the first
ten ordination axes (subsuming 91% of overall variation).
Confidence intervals associated with calculated disparity
values were generated by bootstrapping with 10 000 repli-
cations. Disparity calculations were performed in R (R
Core Team 2015).
RESULTS
Evolutionary rates
Rates analyses using both the ‘equal’ and ‘mbl’ methods
show similar results overall, with heterogeneous rates
found throughout the phylogeny (Fig. 2). Both analyses
show significantly high rates of character change on basal
branches along the ‘backbone’ of the phylogeny, and on
the branch leading to ‘derived rhynchocephalians’. These
high-rate branches are recovered consistently in most dat-
ing replicates, and in most MPTs. Significantly high rates
are frequently found on the branch subtending a derived
clade formed by Sphenovipera, Theretairus and the
Opisthodontia, although this is not recovered as consis-
tently across dating replicates and in all MPTs (Fig. 2).
For the extant Sphenodon, both methods demonstrated
that it has significantly low rates of morphological evolu-
tion, which contrasts with the occasionally high and,
more often, non-significant rates shown by the branches
preceding it, and with its closest relatives, such as the
Early Jurassic Cynosphenodon (Fig. 2). Within the derived
rhynchocephalians, the ‘equal’ dated trees also showed
higher rates on the internal branches subtending pleu-
rosaurs and eilenodontines (Fig. 2A), although these high
rates are not seen in the more conservative ‘mbl’
approach (Fig. 2B). Another difference between both
methods is that for taxa near the base of the tree (Gephy-
rosaurus, Diphydontosaurus, Planocephalosaurus), the ‘mbl’
method found high rates on these terminal branches
(Fig. 2B), while the ‘equal’ method showed low or non-
significant rates (Fig. 2A). One interesting case is one of
the morphologically specialized species Pamizinsaurus,
from the Early Cretaceous, which showed low rates of
morphological evolution in the ‘mbl’ analyses (Fig. 2B).
Importantly, all these rates results for extinct taxa are
consistent in the sensitivity analyses, when Sphenodon is
removed (see supplementary results in Herrera-Flores
et al. 2017).
Morphospace analysis
The morphospace analysis demonstrates that rhyncho-
cephalians experienced important changes in mor-
phospace occupation through time (Fig. 3A). Their
morphospace in the Triassic was reasonably large, which
suggests that the group had an initial burst of high mor-
phological disparity after its origin in the Early or Middle
Triassic. On the other hand, Jurassic rhynchocephalians
considerably increased their morphospace occupation
compared to the Triassic, but also moved into a different
morphospace. The PC1–PC2 morphospace plot (Fig. 3A)
shows that in the Cretaceous, rhynchocephalians experi-
enced a considerable decrease in morphospace occupa-
tion, to about half of the area occupied in the Triassic
and a third of that occupied in the Jurassic. The sum of
variances disparity metric confirms that Jurassic taxa had
the highest disparity, while disparity of Triassic and Cre-
taceous taxa was subequal and considerably lower
(Fig. 3A). Results of the NPMANOVA test only found signifi-
cant differences in morphospaces between the Triassic
and Cretaceous (p = 0.035), and non-significant differ-
ences between Triassic and Jurassic taxa (Herrera-Flores
et al. 2017, table S1). The living Sphenodon lies close to
the centroid within the morphospace of Triassic taxa and
near the zone where morphospaces of Mesozoic taxa
overlap.
As expected, the mandibular landmarks provide good
discrimination of feeding strategies among rhyncho-
cephalians (Fig. 3B). Herbivorous taxa form a tight clus-
ter with a high diversity of species, while insectivorous
forms also occupy a relatively tight cluster but with con-
siderably fewer species. The only known durophagous
taxon (Oenosaurus) occupies a completely different mor-
phospace region to other rhynchocephalians. In the case
of omnivorous taxa (which also include carnivores), they
show the greatest morphospace occupation, and this
slightly overlaps with the herbivorous, insectivorous, and
piscivorous morphospaces. For the piscivorous taxa, one
of them (Palaeopleurosaurus) overlaps with omnivorous
taxa, while the other piscivorous taxon (Pleurosaurus)
occupies distinct morphospace. Sphenodon, identified as
an omnivore (Sharell 1966; Robb 1977; Cree 2014), falls
near the centre of the feeding morphospace plot
(Fig. 3B). Disparity analyses show that omnivorous taxa
had high disparity, while herbivorous and insectivorous
had lower disparity. When comparing morphospace occu-
pation through one-way NPMANOVA, only samples of
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herbivorous–insectivorous (p = 0.005) and herbivorous–
omnivorous (p = 0.046) forms were significantly different
from each other, while other feeding modes did not show
any significant differences among the samples (Herrera-
Flores et al. 2017, table S2).
The phylomorphospace (Fig. 3C) reveals that the shape
of the dentary in Sphenodon differs from that of its closest
relatives. The branch leading to Sphenodon traverses PC2
and originates from a cluster of internal nodes and termi-
nal tips also located centrally along PC1. The shape of the
dentary in Sphenodon is convergent with that in basal
forms, such as the ‘clevosaurs’. Some taxa closely related
to Sphenodon can also trace their branches back to this
central cluster from outlying positions in morphospace,
such as Oenosaurus and Ankylosphenodon.
When comparing Procrustes distances between each
sampled taxon and the Procrustes mean landmark config-
uration for all specimens, Sphenodon deviates little from
the average shape. Of the 31 taxa, Sphenodon is the sev-
enth most similar to the average shape. The other forms
most similar to the average shape are (in order) Clevo-
saurus, Opisthias, Kallimodon and Palaeopleurosaurus. The
most divergent forms are (in order) Oenosaurus, Pleu-
rosaurus, Brachyrhinodon, Gephyrosaurus and Diphydon-
tosaurus (see full list in Herrera-Flores et al. 2017).
DISCUSSION
Frequently, the recognition of an extant species as a ‘liv-
ing fossil’ is historical, a consequence of the discovery of
fossil relatives before the living species, as in the case of
the coelacanth Latimeria (Casane & Laurenti 2013). In
the case of the tuatara, this species was noted as a living
fossil because of its ‘almost identical structure’ to the Late
Jurassic Homoeosaurus (Robb 1977). However, recent
studies on Sphenodon and some of its fossil relatives have
disputed the assumed long-term morphological and
molecular stasis of the group (Hay et al. 2008; Jones
2008; Meloro & Jones 2012). In Victorian times, only the
living form was known, and it was recognized as sister to
the highly diverse Squamata (lizards, amphisbaenians and
snakes). With increasing knowledge of the fossil record of
rhynchocephalians, the morphological similarity between
Sphenodon and some fossil forms became clear.
These claims became easier to assess with substantial
increases in knowledge of fossil rhynchocephalians in the
past 30 years (Jones 2008), and the application of
F IG . 3 . Rhynchocephalian morphospace occupation, based on
a geometric morphometric analysis of the dentary. Plots show
temporal (A) and dietary (B) groupings, and a phylomorpho-
space (C). Note that the modern Sphenodon lies close to the
centre of the morphospace plots. Morphological disparity (sum
of variances) plots are included for the temporal (A) and dietary
(B) groups. In the phylomorphospace (C), key taxa are named,
and only major phylogenetic relationships are shown. Taxa
within the morphospace that were not included in the phylogeny
are denoted by grey circles. Error bars are 95% confidence inter-
vals based on 10 000 replications. Sphenodon illustration by Ste-
ven Traver. For names of taxa in the plots see Herrera-Flores
et al. (2017). Colour online.
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cladistic methodology, following the first phylogenetic
analysis of the group (Fraser & Benton 1989). Recent geo-
metric morphometric works (Jones 2008; Meloro & Jones
2012) have refuted the morphological stasis of the Rhyn-
chocephalia by reference to the disparity of skull and
tooth shape. Our study agrees with Jones (2008) and
Meloro & Jones (2012), by showing that the Rhyncho-
cephalia was a diverse group with wide morphological
disparity, and not an unchanging group through time, as
previously believed. However, we dispute the suggestion
by Jones (2008) and Meloro & Jones (2012) that the tua-
tara is a non-conservative species. Our results provide a
wider perspective on the position of Sphenodon among
fossil taxa following a considerable increase in the num-
ber of fossil taxa, by using morphological information
from the lower jaw and novel macroevolutionary methods
to explore rates of morphological evolution over time.
In terms of a numerically testable hypothesis, we sug-
gested earlier that ‘a living fossil should show both statis-
tically significantly slow rates of morphological evolution
and it should be morphologically conservative.’ Our study
confirms that Sphenodon fits both of these criteria and so
is a ‘living fossil’.
First, we found statistically significantly slow rates of
morphological evolution in Sphenodon (Fig. 2). Overall,
rates of morphological evolution in rhynchocephalians
were heterogeneous (Fig. 2A, B), which suggests that the
group has had a complex evolutionary history. Our study
hints that much of the morphological diversity seen in
the clade originated through a small number of evolu-
tionary ‘bursts’, with a mix of high rates on basal and
derived branches in the tree (Fig. 2). It is unexpected to
see ‘average’ rates of morphological evolution for some
highly specialized taxa, such as Oenosaurus and Anky-
losphenodon, as well as low rates for the bizarre Pamizin-
saurus. This finding is apparently contradicted by
evidence that Sphenodon is an advanced taxon based on
the presence of derived morphological features (Gorniak
et al. 1982; Jones 2008; Curtis et al. 2010, 2011; Jones
et al. 2012). However, recent work (Reynoso 1996, 2000,
2003; Reynoso & Clark 1998; Apesteguıa & Novas 2003)
shows that the most closely related species to Sphenodon
is the Early Jurassic Cynosphenodon, a species that showed
average rates of morphological change compared to the
low rates in Sphenodon, according to our analysis. This
may indicate that the Sphenodontinae, the clade that
comprises Sphenodon and Cynosphenodon, experienced
long-term morphological stasis after the Early Jurassic.
The fact that Sphenodon has the highest rate of molecu-
lar evolution among living vertebrates (Hay et al. 2008;
Subramanian et al. 2009) confirms that rates of molecular
and morphological evolution are decoupled (Subramanian
et al. 2009). In such comparisons, of course, we cannot
comment on rates of change in non-preserved
morphology. A problem with our study is that there is
such a long time gap between living Sphenodon and its
Early Jurassic sister taxon, so rates cannot be compared
with confidence. Likewise, phylogenomic studies can only
compare living Sphenodon with extant squamates,
separated by some 2 9 240 myr of independent history.
The long Sphenodon branch is problematic also because it
cannot be broken up by intervening branching events,
and so any rate calculation is averaged, and probably
underestimated.
Second, in terms of morphology, Sphenodon passes the
test to be called a ‘living fossil’ because of its conservative
position in morphospace (Fig. 3). Our geometric mor-
phometric study confirms the expanded morphospace of
rhynchocephalians in the Triassic and Jurassic, and a
decrease in the Cretaceous. The fact that Jurassic rhyn-
chocephalians occupied an almost entirely different mor-
phospace from their Triassic precursors might be a
consequence of the Triassic–Jurassic extinction, and dra-
matic changes in the biota and the ecological position of
rhynchocephalians in their ecosystems. The dramatic
decrease in morphospace occupied by Cretaceous rhyn-
chocephalians has usually been related to the radiation of
squamates (Apesteguıa & Novas 2003; Jones 2006b; Jones
et al. 2009; Meloro & Jones 2012), but this cannot be
confirmed here.
In focusing on lower jaw morphology, we have reduced
the sample of morphological characters when compared
to studies based on the skull (e.g. Jones, 2008), but we
have increased the sample of taxa, and the lower jaw
encompasses key information about feeding adaptation
(Kammerer et al. 2006; Anderson et al. 2011, 2013;
Stubbs et al. 2013). Our results differ from those of Jones
(2008), who found tight ecomorphological clusters relat-
ing to phylogenetic position, such as a cluster of basal
taxa (e.g. Diphydontosaurus, Gephyrosaurus, Planocephalo-
saurus) as well as some derived groups such as clevosaurs.
Our results show that morphological differences cross-cut
phylogeny, with high morphological diversity among
basal rhynchocephalians and within the derived genus
Clevosaurus (Fig. 3). Meloro & Jones (2012) suggested
that the possible ancestor of Clevosaurus must have been
‘Sphenodon-like’. Our results show that Sphenodon con-
verges with the Triassic species of Clevosaurus (C. hudsoni
and C. sectumsemper) close to the centroid of mor-
phospace, and both Sphenodon and Clevosaurus possess
two of the most average mandibular morphologies of all
rhynchocephalians. This indicates that the morphology of
the modern tuatara is conservative and it is also an ‘aver-
age rhynchocephalian’.
Tooth shape is also very important for the evolution of
feeding modes in rhynchocephalians (Jones 2009; Meloro
& Jones 2012; Rauhut et al. 2012; Martınez et al. 2013).
The most basal taxa (Gephyrosaurus, Diphydontosaurus,
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Planocephalosaurus) are identified as insectivorous because
of their piercing teeth, but later species evolved many dif-
ferent tooth shapes reflecting their wide variety of dietary
preferences, such as the carnivorous or omnivorous clevo-
saurs, the omnivorous sphenodontines, the piscivorous
pleurosaurs, and the specialized herbivorous eilenodontids
(Throckmorton et al. 1981; Rasmussen & Callison 1981;
Jones 2008, 2009; Meloro & Jones 2012; Rauhut et al.
2012; Martınez et al. 2013). One special case of feeding
adaptation among rhynchocephalians is the Late Jurassic
Oenosaurus muehlheimensis, which had a complex crush-
ing dentition for a durophagous diet of molluscs or crabs
(Rauhut et al. 2012). Another interesting case of dietary
adaptation is the Early Cretaceous Ankylosphenodon
pachyostosus, which developed continuously growing teeth
ankylosed into the lower jaw for an herbivorous diet
(Reynoso 2000).
Throughout their evolutionary history, rhyncho-
cephalians evolved dental and cranial modifications for
different ecological niches (Jones 2008). Current research
suggests that rhynchocephalians had at least five dietary
preferences (Jones 2006a, 2009; Rauhut et al. 2012;
Martınez et al. 2013). The morphospaces occupied by
rhynchocephalians with these five dietary preferences
(Fig. 3B) were generally small, except for those with an
omnivorous or carnivorous diet, which occupied a wide
morphospace area. Evidence of the success of the omniv-
orous diet is provided by the oldest known survivor of
the K–Pg extinction, the early Paleocene Kawasphenodon
peligrensis, which has been regarded as an omnivore
(Apesteguıa et al. 2014), as is the extant tuatara (Curtis
et al. 2011; Jones et al. 2012; Cree 2014).
Aspects of the biology of the living tuatara have been
noted recently as evidence that it cannot be regarded as a
‘living fossil’. For example, many authors have noted the
complexity of the feeding mechanism of Sphenodon (Gor-
niak et al. 1982; Jones 2008; Curtis et al. 2010, 2011;
Jones et al. 2012), and the propalinal movement of the
lower jaw has been marked as unique among living
amniotes (Gorniak et al. 1982; Jones 2008; Curtis et al.
2010, 2011; Jones et al. 2012). Another important feature
of the tuatara is the presence of a complete lower tempo-
ral bar in the skull, which is a derived condition when
compared with other fossil rhynchocephalians (Whiteside
1986; Jones 2008; Curtis et al. 2011; Jones et al. 2012).
Furthermore, studies on the biology of the tuatara have
demonstrated that its physiology is quite advanced,
because, in contrast to many other living reptiles, the tua-
tara is well adapted to cold environments (Cree 2014).
Also, the tuatara shows complex behaviour, especially in
its interspecific relationship with seabirds (Corkery 2012;
Cree 2014). In addition, a recent molecular study of the
hypervariable regions of mitochondrial DNA of subfossil
and extant specimens of the tuatara demonstrated that
this species has very high rates of molecular evolution
(Hay et al. 2008; Subramanian et al. 2009).
Notwithstanding these observations of the uniqueness
of Sphenodon, our analysis of evolutionary rates and geo-
metric morphometrics shows not only that the tuatara is
generally morphologically conservative, resembling some
of its Mesozoic forebears, but that it actually occupies a
position close to the centroid of the hyperdimensional
morphospace, as well as in the morphospace bounded by
axes PC1 vs PC2 (Fig. 3). Also, Sphenodon is recovered as
possessing the seventh ‘most average’ morphology out of
the 31 taxa used in this study. Even if it fails some of the
definitions of ‘living fossil’, Sphenodon is part of a lineage
that has been long-enduring and existed at low diversity
through hundreds of millions of years, it follows a long
time gap with few fossils, and it is a relict, being the sur-
vivor of a once more diverse clade and now lone sister to
the biodiverse Squamata. We provide a new definition of
‘living fossil’ here, in terms of both a statistically
significantly slow rate of morphological evolution and
morphological conservatism. Sphenodon shows both char-
acteristics, a slow rate of evolution when compared to the
mean for all rhynchocephalians, and a position close to
the centroid in the overall morphospace defined by the
extinct members of the clade.
Acknowledgements. We thank Max Stockdale (University of Bris-
tol) for advice on geomorph and tpsDig. We also thank Graeme
Lloyd (University of Leeds) for advice on evolutionary rates
analysis, Steve Wang (Swarthmore College) for providing the
code to study morphospace disparity, Marc Jones (Adelaide
University) for his helpful comments on an earlier version of
this manuscript, and Steve Brusatte and an anonymous reviewer
for their detailed advice on this manuscript. We thank the
School of Biological Sciences of University of Bristol, Bristol City
Museum and Art Gallery, National Museum of Wales, Oxford
University Museum of Natural History, and the Cambridge
University Museum of Zoology for the access provided to their
collections. This work is funded by a PhD scholarship to JAH-F
from Consejo Nacional de Ciencia y Tecnologıa (CONACYT),
Mexico, and NERC grant NE/I027630/1 to MJB and TLS.
DATA ARCHIVING STATEMENT
Data for this study are available in the Dryad Digital Repository:
https://doi.org/10.5061/dryad.568jh
Editor. Marcello Ruta
REFERENCES
ADAMS, D. C. and OT AROLA-CASTILLO, E. 2013. geo-
morph: an R package for the collection and analysis of geo-
metric morphometric shape data. Methods in Ecology &
Evolution, 4, 393–399.
8 PALAEONTOLOGY
ANDERSON, P. S., FRIEDMAN, M., BRAZEAU, M. D.
and RAYFIELD, E. J. 2011. Initial radiation of jaws demon-
strated stability despite faunal and environmental change.
Nature, 476, 206–209.
--and RUTA M. 2013. Late to the table: diversification
of tetrapod mandibular biomechanics lagged behind the evo-
lution of terrestriality. Integrative & Comparative Biology, 53,
197–208.
APESTEGUIA , S. and JONES, M. E. H. 2012. A Late Creta-
ceous ‘tuatara’ (Lepidosauria: Sphenodontinae) from South
America. Cretaceous Research, 34, 154–160.
-and NOVAS, F. E. 2003. Large Cretaceous sphenodontian
from Patagonia provides insight into lepidosaur evolution in
Gondwana. Nature, 425, 609–612.
-G OMEZ, R. O. and ROUGIER, G. W. 2014. The
youngest South American rhynchocephalian, a survivor of the
K/Pg extinction. Proceedings of the Royal Society B, 281,
20140811.
BAPST, D. W. 2012. paleotree: an R package for paleontologi-
cal and phylogenetic analyses of evolution. Methods in Ecology
& Evolution, 3, 803–807.
BRUSATTE, S. L., LLOYD, G. T., WANG, S. C. and
NORELL, M. A. 2014. Gradual assembly of avian body plan
culminated in rapid rates of evolution across the dinosaur-
bird transition. Current Biology, 24, 2386–2392.
CASANE, D. and LAURENTI , P. 2013. Why coelacanths are
not ‘living fossils’. BioEssays, 35, 332–338.
CORKERY, I. 2012. Interspecific interactions: a case study
using the Tuatara-Fairy Prion association. Unpublished PhD
thesis. Victoria University of Wellington, Wellington, New
Zealand.
CREE, A. 2014. Tuatara: biology and conservation of a vener-
able survivor. Canterbury University Press, Canterbury,
584 pp.
CURTIS , N., JONES , M. E., EVANS, S. E., SHI , J.,
O ’ HIGGINS, P. and FAGAN, M. J. 2010. Predicting mus-
cle activation patterns from motion and anatomy: modelling
the skull of Sphenodon (Diapsida: Rhynchocephalia). Journal
of the Royal Society Interface, 7, 153–160.
--SHI, J., O’ HIGGINS, P., EVANS, S. E. and
FAGAN, M. J. 2011. Functional relationship between skull
form and feeding mechanics in Sphenodon, and implications
for diapsid skull development. PLoS One, 6, e29804.
DARWIN, C. 1859. On the origin of species by means of natural
selection. John Murray, London, 432 pp.
EVANS, S. E., PRASAD, G. V. R. and MANHAS, B. K.
2001. Rhynchocephalians (Diapsida: Lepidosauria) from the
Jurassic Kota Formation of India. Zoological Journal of the
Linnean Society, 133, 309–334.
FRASER, N. C. 1993. A new sphenodontian from the early
Mesozoic of England and North America: implications for
correlating early Mesozoic continental deposits. New Mexico
Museum of Natural History & Science Bulletin, 3, 135–
139.
- and BENTON, M. J. 1989. The Triassic reptiles
Brachyrhinodon and Polysphenodon and the relationships of
the sphenodontids. Zoological Journal of the Linnean Society,
96, 413–445.
GOLOBOFF, P. A., FARRIS , J. S. and NIXON, K. C. 2008.
TNT, a free program for phylogenetic analysis. Cladistics, 24,
774–786.
GORNIAK, G. C., ROSENBERG, H. I. and GANS, C.
1982. Mastication in the tuatara, Sphenodon punctatus (Rep-
tilia: Rhynchocephalia): structure and activity of the motor
system. Journal of Morphology, 171, 321–353.
GRANDCOLAS, P., NATTIER, R. and TREWICK, S.
2014. Relict species: a relict concept? Trends in Ecology &
Evolution, 29, 655–663.
G €UNTHER, A. 1867. Contribution to the anatomy of Hatte-
ria. Philosophical Transactions of the Royal Society of London,
157, 1–34.
HAMMER, Ø., HARPER, D. A. T. and RYAN, P. D. 2001.
Paleontological statistics software: package for education and
data analysis. Palaeontologia Electronica, 4, 1–9.
HAY, J. M., SUBRAMANIAN, S., MILLAR, C. D.,
MOHANDESAN, E. and LAMBERT, D. M. 2008. Rapid
molecular evolution in a living fossil. Trends in Genetics, 24,
106–109.
-SARRE, S. D., LAMBERT, D. M., ALLENDORF, F.
W. and DAUGHTERTY, C. H. 2010. Genetic diversity
and taxonomy: a reassessment of species designation in tua-
tara (Sphenodon: Reptilia). Conservation Genetics, 11, 1063–
1081.
HERRERA-FLORES, J. A., STUBBS , T. L. and BENTON,
M. J. 2017. Data from: Macroevolutionary patterns in Rhyn-
chocephalia: is the tuatara (Sphenodon punctatus) a living fos-
sil? Dryad Digital Repository. doi: 10.5061/dryad.568jh
JONES, M. E. 2006a. Tooth diversity and function in the
Rhynchocephalia (Diapsida: Lepidosauria). 55–58. In BAR-
RETT, P. M. and EVANS, S. E. (eds). Ninth International
Symposium on Mesozoic terrestrial ecosystems and biota. Natural
History Museum Publications, London, 187 pp.
-2006b. The Early Jurassic clevosaurs from China (Diapsida:
Lepidosauria). New Mexico Museum of Natural History &
Science Bulletin, 37, 548–561.
-2008. Skull shape and feeding strategy in Sphenodon and
other Rhynchocephalia (Diapsida: Lepidosauria). Journal of
Morphology, 269, 945–966.
-2009. Dentary tooth shape in Sphenodon and its fossil rela-
tives (Diapsida: Lepidosauria: Rhynchocephalia). Comparative
Dental Morphology, 13, 9–15.
-and CREE, A. 2012. Tuatara. Current Biology, 22, R986–
R987.
-TENNYSON, A. J., WORTHY, J. P., EVANS, S. E.
and WORTHY, T. H. 2009. A sphenodontine (Rhyncho-
cephalia) from the Miocene of New Zealand and palaeobio-
geography of the tuatara (Sphenodon). Proceedings of the Royal
Society of London B, 276, 1385–1390.
-O’ HIGGINS, P., FAGAN, M. J., EVANS, S. E. and
CURTIS , N. 2012. Shearing mechanics and the influence of
a flexible symphysis during oral food processing in Sphenodon
(Lepidosauria: Rhynchocephalia). The Anatomical Record, 295,
1075–1091.
-ANDERSON, C. L., HIPSLEY, C. A., M €ULLER, J.,
EVANS, S. E. and SCHOCH, R. R. 2013. Integration of
molecules and new fossils supports a Triassic origin for
HERRERA-FLORES ET AL . : MACROEVOLUTION OF RHYNCHOCEPHAL IA 9
Lepidosauria (lizards, snakes, and tuatara). BMC Evolutionary
Biology, 13, 208.
KAMMERER, C. F., GRANDE, L. and WESTNEAT, M.
W. 2006. Comparative and developmental functional mor-
phology of the jaws of living and fossil gars (Actinopterygii:
Lepisosteidae). Journal of Morphology, 267, 1017–1031.
LLOYD, G. T. 2016. Estimating morphological diversity and
tempo with discrete character-taxon matrices: implementation,
challenges, progress, and future directions. Biological Journal of
the Linnean Society, 118, 131–151.
-WANG, S. C. and BRUSATTE, S. L. 2012. Identifying
heterogeneity in rates of morphological evolution: discrete
character change in the evolution of lungfish (Sarcopterygii;
Dipnoi). Evolution, 66, 330–348.
MARTINEZ, R. N., APALDETTI , C., COLOMBI, C. E.,
PRADERIO, A., FERNANDEZ, E., MALNIS , P. S.,
CORREA, G. A., ABELIN, D. and ALCOBER, O. 2013.
A new sphenodontian (Lepidosauria: Rhynchocephalia) from
the Late Triassic of Argentina and the early origin of the her-
bivore opisthodontians. Proceedings of the Royal Society of Lon-
don B, 280, 20132057.
MELORO, C. and JONES, M. E. H. 2012. Tooth and cranial
disparity in the fossil relatives of Sphenodon (Rhyncho-
cephalia) dispute the persistent ‘living fossil’ label. Journal of
Evolutionary Biology, 25, 2194–2209.
MITCHELL, N. J., KEARNEY, M. R., NELSON, N. J. and
PORTER, W. P. 2008. Predicting the fate of a living fossil:
how will global warming affect sex determination and hatch-
ing phenology in tuatara? Proceedings of the Royal Society of
London B, 275, 2185–2193.
O’ HIGGINS, P. and JONES, N. 1998. Facial growth in Cer-
cocebus torquatus: an application of three dimensional geomet-
ric morphometric techniques to the study of morphological
variation. Journal of Anatomy, 193, 251–272.
--2006. Tools for shape analysis. Hull York Medical
School. https://sites.google.com/site/hymsfme/resources
POUGH, F. H., JANIS , C. M. and HEISER, J. B. 2012. Ver-
tebrate life. 9th edn. Pearson, 720 pp.
R CORE TEAM. 2015. R: A language and environment for
statistical computing. v. 3.2.4. https://www.R-project.org
RASMUSSEN, T. E. and CALLISON, G. 1981. A new her-
bivorous sphenodontid (Rhynchocephalia: Reptilia) from the
Jurassic of Colorado. Journal of Paleontology, 55, 1109–1116.
RAUHUT, O. W., HEYNG, A. M., L OPEZ-ARBAR-
ELLO, A. and HECKER, A. 2012. A new rhynchocephalian
from the Late Jurassic of Germany with a dentition that is
unique amongst tetrapods. PLoS One, 7, e46839.
REVELL , L. J. 2012. phytools: an R package for phylogenetic
comparative biology (and other things). Methods in Ecology &
Evolution, 3, 217–223.
REYNOSO, V. H. 1996. A Middle Jurassic Sphenodon-like sphen-
odontian (Diapsida: Lepidosauria) from Huizachal Canyon,
Tamaulipas,Mexico. Journal of Vertebrate Paleontology, 16, 210–221.
-1997. A “beaded” sphenodontian (Diapsida: Lepidosauria)
from the Early Cretaceous of central Mexico. Journal of Verte-
brate Paleontology, 17, 52–59.
-2000. An unusual aquatic sphenodontian (Reptilia: Diap-
sida) from the Tlayua Formation (Albian), central Mexico.
Journal of Paleontology, 74, 133–148.
-2003. Growth patterns and ontogenetic variation of the
teeth and jaws of the Middle Jurassic sphenodontian
Cynosphenodon huizachalensis (Reptilia: Rhynchocephalia).
Canadian Journal of Earth Sciences, 40, 609–619.
-2005. Possible evidence of a venom apparatus in a Middle
Jurassic sphenodontian from the Huizachal red beds of
Tamaulipas, Mexico. Journal of Vertebrate Paleontology, 25,
646–654.
-and CLARK, J. M. 1998. A dwarf sphenodontian from
the Jurassic La Boca formation of Tamaulipas, Mexico. Journal
of Vertebrate Paleontology, 18, 333–339.
ROBB, J. 1977. The tuatara. Meadowfield Press, Durham, 64
pp.
ROHLF, F. J. 2006. tpsDig: digitize coordinates of landmarks
and capture outlines. v. 2.10. Department of Ecology & Evolu-
tion, State University of New York at Stony Brook, http://
life.bio.sunysb.edu/morph
SCHOPF, T. J. M. 1984. Rates of evolution and the notion of
“living fossils”. Annual Review of Earth & Planetary Sciences,
12, 245–292.
SHARELL , R. 1966. The tuatara, lizards and frogs of New Zeal-
and. Collins, 94 pp.
STUBBS , T. L., P IERCE, S. E., RAYFIELD, E. J. and
ANDERSON, P. S. 2013. Morphological and biomechanical
disparity of crocodile-line archosaurs following the end-Trias-
sic extinction. Proceedings of the Royal Society of London B,
280, 20131940.
SUBRAMANIAN, S., HAY, J. M., MOHANDESAN, E.,
MILLAR, C. D. and LAMBERT, D. M. 2009. Molecular
and morphological evolution in tuatara are decoupled. Trends
in Genetics, 25, 16–18.
SUES , H.-D., SHUBIN, N. H. and OLSEN, P. E. 1994. A
new sphenodontian (Lepidosauria: Rhynchocephalia)
from the McCoy Brook Formation (Lower Jurassic) of Nova
Scotia, Canada. Journal of Vertebrate Paleontology, 14, 327–
340.
THROCKMORTON, G. S., HOPSON, J. A. and PARKS,
P. 1981. A redescription of Toxolophosaurus cloudi Olson, a
Lower Cretaceous herbivorous sphenodontid reptile. Journal of
Paleontology, 55, 586–597.
WANG, M. and LLOYD, G. T. 2016. Rates of morphological
evolution are heterogeneous in Early Cretaceous birds. Pro-
ceedings of the Royal Society B, 283, 20160214.
WHITESIDE, D. I. 1986. The head skeleton of the Rhaetian
sphenodontid Diphydontosaurus avonis gen. et sp. nov. and
the modernizing of a living fossil. Philosophical Transactions of
the Royal Society of London B, 312, 379–430.
10 PALAEONTOLOGY
